The masses of Mars and its satellites, Phobos and Deimos, have been estimated from the Mariner 9 and Viking 1 and 2 Orbiter tracking data. These spacecraft were sensitive to the gravitational force of Mars as well as to its satellites. Although the satellite masses are eight orders of magnitude smaller than Mars, their regular effect on the orbits of the spacecraft is evident in the tracking data and has enabled us to derive their masses simultaneously with that of Mars. Our method for estimating the satellite masses uses the many "distant encounters" of the spacecraft with these small bodies rather than the few "close encounters" used in previous studies. The mass estimate for Phobos leads to a mean density of 1530+100 kg m '3 based on a volume of 5748+190 km 3 (Thomas, 1993), while the mass estimate of Deimos leads to a poorly constrained mean density of 1340+828 kg m -3 based on a volume of 1017+130 km 3 (Thomas, 1993). Our analysis confirms, within the bounds of error, the anomalously low density of Phobos using an independent method and data set.
Introduction
The origin and composition of Mars' natural satellites, Phobos and Deimos, has been a subject of considerable interest since it was first realized that Phobos appeared to have an average density much lower than that of intact silicate rocks [Avanesov et al., 1989; Duxbury and Callahan, 1989a Thomas, 1993; Avanesov et al., 1991] . This information, in combination with spectral evidence [Britt and Pieters, 1988; Bibring et al., 1989; Bell et al., 1993] , implied that Phobos' present physical structure is probably an assemblage of nonuniform material held together by a combination of gravity and material forces, and may indicate a possible origin as an 1Also at Laboratory for Terrestrial Physics, NASA Goddard Space Mass estimates of these small planetary bodies have generally been obtained from "flybys" of the objects by a spacecraft. They rely on being able to correctly position both the spacecraft and the natural satellite so that their relative positions are well known and the gravitational force between the objects can be computed accurately. Such opportunities for a spacecraft to pass close to another body are usually engineered and are therefore relatively infrequent. A sequence of orbital maneuvers allowed the Viking 1 Orbiter to make 17 flybys of Phobos within 350 km in February 1977. Similarly, the Viking 2 Orbiter was targeted to make a single close flyby of Deimos at a distance of 30 km on October 15, 1977 [Snyder, 1979] . The Soviet Phobos 2 spacecraft rendezvoused with Phobos, flying within 500 km for one week or 22 orbits [Kolyuka et al., 1991] . The various analyses of flyby data have provided a range of published masses (and therefore densities) of Phobos and Deimos (cf. Table 5), and this has motivated us to investigate the utility of an independent technique in the estimation of these masses.
We have thus determined the masses of Mars' natural satellites, Phobos and Deimos using an alternative approach -from the many small perturbations of the orbits of the Mariner 9 and Viking 1 & 2 Orbiter spacecraft during the regular and the extended missions. In our method, the spacecraft "senses" the moons of Mars on every revolution, usually at large distances, in a regular periodic fashion over a period of a year or more from which the mass of the disturbing body can be extracted. Although based on weaker gravity forces due to the greater distance between the spacecraft and body, this approach is more tolerant of errors in the positions of the bodies involved and also benefits from the regularity of the perturbations. Further, it utilizes a completely independent data set from which to estimate the mass. Given the differences between our 2171 SM1TH ET AL.: MASSES OF MARS, PHOBOS, & DEIMOS No. of Orbital Arcs method and the flyby method, it is difficult to formally determine which approach yields an inherently more accurate mass estimation. It is clear, however, that the agreement of our result for Phobos with those of previous flyby analyses gives greater confidence to these earlier estimates.
Mars Table 4 for Phobos are based on the same Viking 1 flyby data while our solution is based on a combined solution of independent data from Mariner 9, Viking 1 and also Viking 2.
There is really only one other estimate (in addition to ours) for the mass of Deimos [Williams et al., 1988] , which is an improvement over an earlier solution by the same authors [Hildebrand et al., 1979 ] based on the same data. Their result is obtained from a single Viking 2 flyby of Deimos on October 15, 1977 at a distance of about 30 km. The result appears to be of high quaiity but is only available in an abstract and therefore difficult to evaluate. Our result, although weak, is derived principally from Viking 1 and Mariner 9 data and agrees with the value obtained by Williams et al. [1988] , largely because of the uncertainty of our result. We feel these two results tend to at least confirm the low mass of Deimos. Table 5 shows the current estimates for the volhmes of Phobos and Deimos derived from numerous images of these bodies obtained by visiting spacecraft. There seems to be general agreement within a few percent for the volumes of both objects.
Evaluation
The results presented in this study confirm previous estimates [Christensen et al., 1977; Williams et al., 1988; Avanesov et al., 1991; Duxbury, 1991 ] that the masses of the two natural satellites of Mars are much lower than that of intact silicate rock (0~3000 kg m-3). The approach that we have taken is subject to different sources of error and uses different data than previous studies; indeed we deliberately excluded flyby data from this analysis. The density we determine for
Phobos of 1530+100 kg m -3 and for Deimos of 1340+828 kg m -3 based on our combined solution for the GM's (Table 3) and
the volume estimates of Thomas [1993] (Table 5 ), are less than that for even the least dense meteorites, the CI and CM chondrites [Wasson, 1974] , which are not, in any case, the best spectroscopic match for the Martian moons [Britt and Pieters, 1988; Bibring et al., 1989] . A purely compositional explanation would be inconsistent with a density as low as the one we have calculated. Alternative possibilities, such as unconsolidated, ice-rich or porous interiors [Dobrovolskis, 1982; Fanale and Salvail, 1989; Fanale and Salvail, 1990;  
